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Universite´ de Lyon - CNRS UMR5005 (Laboratoire Ampe`re) - Universite´ Claude Bernard Lyon 1 - E´cole Centrale de Lyon (Ecully)ABSTRACT This study aims to examine the influence of a 0.5 T static magnetic field (SMF) on yeast and human embryonic
kidney (HEK) 293 cell using electrorotation (ROT). Following 48 h exposition to the SMF, no difference was noted between
ROT spectra of unexposed and exposed yeast cells, which extend previous reports on the absence of SMF effects on yeast.
We also compared the ROT spectrum and the extracted electrical characteristics of HEK cells exposed during 72 h to a 0.5 T
uniform staticmagnetic fieldwith those of unexposed cells. SMFpotential effects onHEKproliferation kinetics and cellmorphology
were also assessed by using the trypan blue exclusion method and scanning electron microscopy, respectively. At last, no signif-
icant differenceswereobservedbetweencontrol andexposedHEKcells concerningelectrical properties, growth, andmorphology.INTRODUCTIONA number of studies have been carried out over the last
two decades to assess mechanisms through which static
magnetic fields (SMF) may affect the human body. Indeed,
although the use of such fields can be greatly beneficial,
particularly in medicine, possible adverse health effects
from exposure must be carefully evaluated so that the real
risks and benefits can be assessed. For example, magnetic
resonance imaging is increasingly used for the detection
of abnormalities or lesions in most parts of the body, thanks
to its multiplanar capabilities and sensitivity to tissue differ-
entiation. Most magnetic resonance imaging scanners oper-
ate at field strength of 1.5 T, but 3T equipment is beginning
to enter the clinical sphere, and this equipment promises
faster scans and higher resolutions. Although many studies
conclude that the effects of strong magnetic fields tend to
be mild (1–3), this equipment proliferation still requires
vigilance, and the current push to higher field strengths
increases the need to understand the interactions between
SMF and living matter. In the research agenda established
by the World Health Organization (WHO) International
project in 2006 (4), pointing out knowledge gaps that have
to be filled for a proper risk assessment of SMF, it is recom-
mended that in vitro studies be carried out to provide a better
understanding of interaction mechanisms and to help iden-
tify the effects that need to be further investigated in vivo.
The promising development of micromagnetic devices dedi-
cated to cell manipulation is another argument for the need
to conduct in vitro studies of SMF effects. In high intensity
and high gradient magnetic fields, substantial forces can be
exerted on diamagnetic objects such as water drops or living
cells. In the past few years, new biochips, biosensors, and
microfluidic systems (5) using such fields have been de-
signed (6). Static fields generated by permanent micromag-Submitted October 3, 2012, and accepted for publication January 7, 2013.
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biological applications including cell levitation (8), cell
separation (9), and trapping. New improvements have
recently been achieved in the development of high perfor-
mance micromagnet arrays, which are now capable of
generating magnetic flux densities as high as 1 T and field
gradients >106 T/m (10,11). In the perspective of further
lab-on-a-chip developments for clinical applications, SMF
potential impact on cells needs to be properly assessed.
The effects of field gradient have to be discriminated from
those of level of exposure, i.e., field intensity. Many biolog-
ical effects of SMF have already been studied in vitro on
various cell models (bacteria, eukaryotic cells, cell frag-
ments). The endpoints included cell growth (12–14),
morphology, apoptosis (15), genotoxicity (16), orientation,
metabolic activity (17), and gene expression (18). Whereas
SMF exert little influence on cell growth and genetic
toxicity (19), many studies report change in the orientation
of cells and collagen fibers exposed to strong magnetic fields
(20). The effects of SMF on membrane physiology are also
widely investigated (21,22) through in vitro, theoretical, and
computational studies, as membrane is the prime site for
reception of external physical stimuli. Some research teams
have proposed to monitor the evolution of membrane dielec-
tric properties to assess the effect of exposure to magnetic
fields, based on techniques such as impedancemetry or elec-
trorotation (ROT). To our knowledge, previous studies of
this kind were rather focused on extremely low frequency
magnetic fields than on SMF. For example, Santini and
co-workers (23) have demonstrated that both membrane
conductivity and membrane permittivity of K562 leukemic
cells decreased substantially after exposure of these cells
to a 50 Hz 2.5 mT magnetic field whereas the conductivity
of the cytosol remained unchanged. In their study, cell
membrane electrical properties were obtained from conduc-
tivity measurements performed on the whole cell suspension
between 10 and 100 kHz. In another study, a similarhttp://dx.doi.org/10.1016/j.bpj.2013.01.063
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was observed on embryonic myoblasts exposed to a 50 Hz
magnetic field with intensity ranging from 1 to 10 mT
(24). The technique of ROT has also been extensively
used to monitor the physiological state of cells as well as
the evolution of cell dielectric properties in response to
various stimuli (chemical, biological.) (25–27). In partic-
ular, Zhou and co-workers (28) did not observe any change
in the rotational behavior of yeast cells exposed to 50 Hz,
8 and 80 mT fields for periods up to 4 h. However, to the
best of our knowledge, no other study has used this method
to analyze the hypothetical effect of a magnetic field on
cells. Such a technique appears to be particularly appro-
priate to detect potential changes induced in cell membrane
physiology, as those changes would modify the antifield
rotation peak observable on the ROT spectrum.
In this work, we propose to analyze the effects of a 0.5 T
SMF on yeast cells and human embryonic kidney (HEK
293) cells using the ROT technique. Few authors were inter-
ested in studying the effect of static field on attached
growing cells, whereas the majority of cells derived from
biological tissues are adherent cells. This is why we focused
our attention on adherent cells exposed to a static magnetic
field. The choice of 0.5 Twas motivated by the fact that this
order of magnitude typically corresponds to the remanent
magnetization of high quality permanent micromagnets
(29). Moreover, the integration of yeast cells to this study
was based on the existence of electrorotation data for these
cells (30) and of numerous studies investigating SMF effects
on yeast. HEK cell growth and viability have also been
studied using the trypan blue exclusion. Potential mor-
phology changes have also been tracked by scanning elec-
tron microscopy (SEM). To discriminate the effects of
field gradient from those of field intensity, we used a perma-
nent Halbach cylinder as the magnetic field source, which
ensured the obtention of a uniform field and of reproducible
exposure conditions.MATERIALS AND METHODS
Cell culture and preparation
Yeast cells
Yeast cells (Saccharomyces cerevisiae) from FALA (Strasbourg, France)
were cultured at 29C until the early stationary phase was reached, on
YEPD agar plates (10 g/l of yeast extract, 10 g/l of peptone, 40 g/l of
glucose, and 20 g/l agar, all from Sigma). Before the ROT experiments,
cells were harvested, washed three times, and resuspended in a low conduc-
tive medium composed of distilled water supplemented with KCl. KCl
addition allowed for the medium conductivity to adjust to the desired value
(9 or 23 mS/m), using a multiparameter analyzer (Consort C532, Fischer
Bioblock Scientific).
HEK cells
HEK 293 cells were obtained from Health Protection Agency Culture
Collections, Salisbury, UK. The cell lines were grown at 37C under 5%Biophysical Journal 104(8) 1805–1811CO2 in Dulbecco’s modified Eagle medium -high glucose- supplemented
with 10% fetal calf serum, 100 mg/ml streptomycin, and 100 units/ml peni-
cillin. Cultures were transferred to fresh medium twice a week and thereby
maintained in the exponential growth phase. Before being introduced into
the ROT chamber, cells were detached with a trypsin solution (0.05%
trypsin/0.02% EDTA in phosphate buffered saline) following a well-estab-
lished detachment protocol. They were then washed and resuspended at
a concentration of 3 105 cells/ml in a solution containing 5% dextrose
in water. The conductivity was adjusted with phosphate buffered saline to
50 mS/m (31). Buffer osmolality was measured using a cryogenic osmom-
eter (Lo¨ser, type 6) and found equal to 300 mOsm/kg. The solution had
a final measured pH of 7.4.Magnetic field exposure
The exposure source consisted of a Halbach cylinder (Magnetic Solutions),
which is a special arrangement of permanent magnets producing a uniform
field inside the cylinder and a zero field outside. Indeed, the hollow perma-
nent magnet cylinder presented in Fig. 1 a produces a uniform 0.5 T
magnetic field inside the bore. It features inner and outer diameters of 54
and 140 mm, respectively, and is 60 mm in height. The magnetic flux
density distribution is shown in Fig. 1 b. The 0.5 T value was checked
experimentally using a gaussmeter (LakeShore model 410). This value
dropped slightly near the inner edge of the cylinder where it reached a value
of 0.4 T. To investigate the effects of 0.5 T SMF on yeast and HEK 293
cells, a 35  10 mm petri dish containing cells was placed in the middle
of the Halbach cylinder, at midheight for 24, 48, or 72 h. As a control, a petri
dish with similar cell content was kept in the same incubator, carefully
placed away from the magnetic source. Moreover, to avoid possible bias
linked to cell environment and obtain the same airflow around control
and exposed samples, the control plate was inserted inside a plastic cylinder
presenting the same geometry as the magnetic one.Electrorotation measurement
ROT chamber and field generation
The ROT measurement system was composed of a quadrupole electrode
array of polynomial geometry (32,33). These planar microelectrodes
featured a tip-to-tip spacing of 400 mm and were made of gold (100 nm)
deposited on a glass substrate with a titanium adhesion layer. An adhesive
silicone well of capacity 100 mL was then held against the glass surface to
create a flow chamber encompassing the electrode array. A glass coverslip
placed on top of the solution-filled chamber allowed the prevention of any
potentially disturbing fluid movement. During preliminary ROT experi-
ments, it was observed that cells could stick to the glass surface, which
hindered their rotation. To avoid this problem, the surface was silanized
with Sigmacote (Sigma), following a protocol described in (34). A uniform
rotating electric field was generated by supplying the electrodes with four
5Vpp sine waves in phase quadrature. The signals were provided by four
waveform generators (Agilent 33250a) computer-controlled through their
GPIB interface using Labview. ROT observations covered a frequency
range from 10 to 80 MHz.
Data acquisition
Cell rotation images were obtained using a Zeiss AxioCam HSm charge-
coupled device camera mounted on a Nikon LV 150 microscope. For
each frequency point, a video sequence was acquired using the Zeiss
AxioVision software. Cell rotation speed was measured from the acquired
image sequences using the MATLAB Image Processing Toolbox (The
MathWorks, Natick, MA). For each image of a sequence, edge-based
segmentation was performed by using a canny edge detector followed by
a hole-filling algorithm. The resulting binary images contained white pixels
corresponding to cells and black pixels elsewhere. Small undesirable
FIGURE 1 Halbach cylinder (Magnetic Solutions) producing a uniform 0.5 T magnetic field. (a) Top and side views of the Halbach cylinder. (b) Distri-
bution of the magnetic flux density (2D FEM simulation performed with Comsol).
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a morphological opening. The segmented cells were then labeled and
a set of properties was extracted for each object, including area (i.e.,
number of pixels in the region), center of mass coordinates, major axis
length, and orientation (defined as the angle between the x axis and the
major axis of the ellipse delineating the region). According to these
measures, objects were then classified into two categories: the first one
included single isolated cells with matching features (diameterz10 mm),
which were candidates for ROT measurements. The second one encom-
passed cell aggregates, cells located at the image border or at its vicinity,
and cells close to one another (distance%20 mm), which had to be excluded
from measurements to avoid discrepancies due to mutual polarization (35).
Objects identified as appropriate candidates were tracked in the whole
image sequence and rotation rates were deduced from orientation variations
between consecutive frames.SEM
Before SEM observation, cells were fixed with 4% glutaraldehyde in
0.2 M sodium cacodylate buffer. Samples were rinsed 3 times for 15 min
with 0.2 M sodium cacodylate buffer. They were then dehydrated progres-
sively in ethanol and passed through two hexamethyldisilazane baths.
Samples were then sputter-coated with 8 nm platinum. Imaging was
carried out using a Hitachi S800 FEG scanning electron microscope oper-
ated at 15 kV.FIGURE 2 ROT spectra obtained for unexposed yeast cell using two
different medium conductivities: 9 mS/m (square) and 23 mS/m (circle).RESULTS AND DISCUSSION
Study of yeast cells using electrorotation
In preliminary control experiments, we analyzed cell rota-
tional behavior of unexposed yeast cells at two distinct
medium conductivities (9 and 23 mS/m). The corresponding
ROT spectra are depicted in Fig. 2. Those results coincide
well with those obtained by Ho¨lzel (30), which shows the
suitability of our setup. Both their frequency observations
with an antifield peak position near 200 kHz and zerocrossing near 2 MHz are in good agreement with our find-
ings at 9 mS/m. With increasing medium conductivity, these
values shifted toward higher frequencies, which is also
consistent with literature reports. To assess the potential
effect of the 0.5 T SMF on yeast cells after 48 h exposure,
ROT spectra of exposed and unexposed yeast were then
compared (Fig. 3). Control and exposed samples showed
similar responses, which tends to indicate that magnetic
field exposure has no detectable effect on yeast dielectric
properties. ROT spectra reflect morphology and composi-
tion of cell surface and interior, which therefore seem unal-
tered following SMF exposure. This finding is consistent
with other observations. First, all the SMF exposed samples
showed a viability rate of almost 100%, as checked using the
trypan blue cell exclusion method. Anton-Leberre et al. (36)
have also studied SMF effects on yeast and concluded that
stronger fields (up to 16 T for 8 h) did not affect gene expres-
sion, proteome profile, cell viability, morphology, growth, or
impaired metabolic and fermentation activities. Although it
does not prove that there will not be any effect on the ROTBiophysical Journal 104(8) 1805–1811
FIGURE 3 ROT spectra of exposed (square) and unexposed (circle)
yeast cells. The medium conductivity was set to 23 mS/m (cumulative
data, ncells ¼ 10).
FIGURE 4 Comparison of cell counts in the exposed (gray) and control
(white) samples after 24, 48, and 72 h of incubation. The initial cell number
was set to 1:6 104 in all experiments.
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lowering the field intensity by a factor of 32 should provide
similar results. Malko et al. (37) have also found no effect on
the growth of yeast cells exposed to a 1.5 T MF produced by
a magnetic resonance imager. Finally, in another study of
magnetic field effects on yeast using electrorotation (28),
Zhou et al. did not detect any change in ROT spectra
following exposure to 50 Hz, 8 and 80 mT fields for periods
up to 4 h. However, although we followed similar method-
ology, comparison with this last study is not straightforward,
nor is it with the other two aforementioned ones, because
different exposure conditions were used. Meanwhile, link-
ing those results may at least give some trend information
about magnetic field effects on yeast.FIGURE 5 ROT spectra of exposed (square) and unexposed HEK cells
(circle). The solid line represents the fit to the experimental data compiled
from nine experiments.Study of SMF effects on HEK cells
Cell proliferation
Cell growth was studied by enumerating viable cells in the
exposed and control samples after staining with trypan blue
dye. The replication time of cells HEK 293 is 22 h and
viable cell numbers were measured after 24, 48, and 72 h
of incubation. The obtained data are expressed as mean
SD calculated from triplicate cultures. The seeding cell
number was set to 1:6 104 in all experiments. The results
presented in Fig. 4 show no significant differences between
the exposed and control groups with respect to cell
proliferation.
ROT experiments
The ROT spectra of exposed and unexposed cells were ob-
tained for 12 to 14 individual cells after 72 h of incubation.
Data presented in Fig. 5 are compiled from different exper-
iments, all performed using the same suspension medium, in
which conductivity was set to 50 mS/m. According to
Gascoyne et al. (31), such value may be considered as
optimal for proper identification of cell electrical character-
istics from their ROT spectrum. In particular, it was shown
that when the conductivity increases to 50 mS/m, the sensi-
tivity of the ROT spectrum to Gm decreases to allow the
three remaining parameters to be obtained accurately.Biophysical Journal 104(8) 1805–1811ROT spectra of control HEK cells seem in good agreement
with comparable measurements performed by Zimmermann
et al. in a medium of conductivity 60 mS/m (39). The differ-
ence in buffer conductivity is consistent with the slight shift
observed on the low-frequency peak, with respect to these
previous data. In this study, the spectra obtained for both
cell groups (exposed and control cells) are close to one
another. A slight difference was observed on cell rotation
rate around peak frequencies, but it should be relativized
considering error bars. More importantly, no shift was
observed on the antifield peak frequencies, as usually re-
ported when the cell morphology is altered. The same
remark applies to the cofield peak and zero crossing posi-
tions, which remain unchanged. Cell electric parameters
were extracted using the least square fitting technique
implemented with MATLAB. The equations presented in
the Appendix were used to find Cm, Gm, sc, and ec values,
based on the single-shell dielectric model of a spherical
cell. These parameters respectively refer to cell area-specific
membrane capacitance and conductance and to cytoplasm
conductivity and permittivity. The fitted parameters are
given in Table 1. No detectable difference was observed
between Cm and Gm measured in exposed and unexposed
cells, and the value is in very good agreement with those
TABLE 1 Dielectric properties of membrane and cytoplasm
for HEK control cells and cells exposed to the 0.5 T SMF
during 72 h
sc (mS.m
1) ec (F.m1) Cm (mF.m2) Gm (S.m2)
Unexposed HEK 4085 19 855 4 7.945 0.4 z0
Exposed HEK 4705 31 845 4 8.565 0.6 z0
sc and ec represent the cytoplasm conductivity and permittivity. Cm and Gm
refer to the area-specific membrane capacitance and conductance.
Static Field Effect 1809previously obtained for HEK cells (39) and for other
mammalian cell types (40,41). sc and ec values are also
rather consistent with values reported by Zimmermann
et al. (39), despite a larger ec value obtained in our study
for unexposed cells. However, considering error bars around
the cofield rotation peak, such discrepancy has to be inter-
preted cautiously.Analysis of SEM micrographs
The results presented in the previous section led to the
assumption that cell membrane topography remained unal-
tered following magnetic field exposure, because similar
Cm values were measured for exposed and unexposed cells.
Many studies have shown that Cm variations following
specific cell treatment could be related to changes in cell
membrane surface morphology (42,43). Indeed, formation
of membrane protrusions such as microvilli (44) results in
an increase of cell surface area inducing an increase of Cm
value (41). The evolution of the cell membrane morphology
has been studied by performing SEM observations at dif-
ferent moments of the culture process for the exposed and
unexposed cells. The images taken after 24, 48, and 72 h
reveal no evident change in cell surfacemorphology betweenboth cell samples (Fig. 6). Whereas membrane surfaces of
unexposed and exposed cells presented similar aspects, we
could observe a parallel increase in the number of microvilli
with time. Such alterations of cell surface are expected to
increase further after a few days of cell culture (45).CONCLUSION
This study aimed at assessing the potential effects of
a moderate intensity SMF on biological cells using electro-
rotation. To perform ROTmeasurements under reproducible
experimental conditions, we used a well-characterized ex-
posure source producing a uniform magnetic field. ROT
spectra obtained for exposed and unexposed yeast cells
were perfectly matched, and were in good agreement with
previously reported data. After these preliminary validation
experiments, we performed similar measurements on human
cells. HEK 293 dielectric parameters were extracted from
their ROT spectra. The specific membrane capacitance
values obtained for exposed and control cell samples were
similar, which suggested that membrane topography was
not altered following field exposure, as confirmed with
SEM observations. As a perspective of this work, we plan
to evaluate the effect of field gradients by constructing an
exposure system of appropriate design. We also intend to
assess cumulative effects of chemical and magnetic field
exposures using electrorotation.APPENDIX: ELECTROROTATION THEORY
Under the applied electric field, a particle undergoes a torque (46):
~G ¼ 4pemr3Im½KðuÞE20~k; (1)FIGURE 6 Analysis of cell membrane mor-
phology (magnification ¼ 10,000). Comparison
of SEM microphotographs after 24, 48, and 72 h
of incubation for unexposed (a) and exposed (b)
HEK 293 cells.
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where ep, em, sp, and sm represent respectively the particle and buffer
permittivities and conductivities. By using the so-called single-shell dielec-tric model (48), the expression of ep, which represents the effective complex






















where sc and erc represent conductivity and relative permittivity of the
cytoplasm. Gm (Gmsm/d (S.m
2) where d is the membrane thickness) andCm (Cmem/d (F.m
2)) refer to area-specific membrane capacitance and
conductance.
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